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1. Introduction 

By the time of the "Enrico Fermi" Summer School in June 2006, quantum degeneracy 
in ultracold Fermi gases has been reported by 13 groups worldwide [TJ[51[31[11[S1[51[71[H1 
El Uni [m [121 Us] . The field is rapidly expanding similar to the situation of Bose-Einstein 
condensation at the time of the "Enrico Fermi" Summer School in 1998 |ljy. The main 
two species for the creation of ultracold Fermi gases are the alkali atoms potassium (""^K) 
[DliillTOlin] and lithium (^Li) [2 [3 H El [H [9] . At the time of the School, degeneracy 
was reported for two new species, ^He* [H] and ^^'^Yb [T3], adding metastable and rare 
earth species to the list. 

Fermionic particles represent the basic building blocks of matter, which connects the 
physics of interacting fermions to very fundamental questions. Fermions can pair up to 
form composite bosons. Therefore, the physics of bosons can be regarded as a special 
case of fermion physics, where pairs are tightly bound and the fermionic character of the 
constituents is no longer relevant. This simple argument already shows that the physics 
of fermions is in general much richer than the physics of bosons. 

Systems of interacting fermions are found in many areas of physics, like in condensed- 
matter physics (e.g. superconductors), in atomic nuclei (protons and neutrons), in pri- 
mordial matter (quark-gluon plasma), and in astrophysics (white dwarfs and neutron 
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stars) . Strongly interacting fermions pose great challenges for many-body quantum the- 
ories. With the advent of ultracold Fermi gases with tunable interactions and controllable 
confinement, unique model systems have now become experimentally available to study 
the rich physics of fermions. 

In this contribution, we will review a series of experiments on ultracold, strongly 
interacting Fermi gases of ^Li which we conducted at the University of Innsbruck. We 
will put our experiments into context with related work and discuss them according 
to the present state-of-the art knowledge in the field. After giving a brief overview 
of experiments on strongly interacting Fermi gases (Sec. [2]), we will discuss the basic 
interaction properties of ®Li near a Feshbach resonance (Sec. [3]). Then we will discuss 
the main experimental results on the formation and Bose-Einstein condensation of weakly 
bound molecules (Sec. |4]), the crossover from a molecular Bose-Einstein condensate to a 
fermionic superfluid (Sec. [5]), and detailed studies on the crossover by collective modes 
(Sec. [6]) and pairing-gap spectroscopy (Sec.[7]). 



2. Brief history of experiments on strongly interacting Fermi gases 

To set the stage for a more detailed presentation of our results, let us start with a 
brief general overview of the main experimental developments in the field of ultracold, 
strongly interacting Fermi gases; see also the contributions by D. Jin and W. Ketterle in 
these proceedings. The strongly interacting regime is realized when the scattering length, 
characterizing the two-body interacting strength, is tuned to large values by means of 
Feshbach resonances [15l [16] . In the case of Bose gases with large scattering lengths rapid 
three-b ody decay [T71 [THl \W\ prevents the experiments to reach the strongly interacting 



regime \(^)\ . Experiments with ultracold Fermi gases thus opened up a door to the new, 
exciting regime of many-body physics with ultracold gases. 

The creation of a strongly interacting Fermi gas was first reported in 2002 by the 
group at Duke University [3T]. They studied the expansion of a ^Li gas with resonant 
interactions after release from the trap and observed hydrodynamic behavior. In similar 
experiments, the group at the ENS Paris provided measurements of the interaction energy 
of ultracold ^Li in the strongly interacting region [22] . 

In 2003 ultracold diatomic molecules entered the stage. Their formation is of par- 
ticular importance in atomic Fermi g their bosonic nature is connected with a 
fundamental change of the quantum statistics of the gas. The JILA group demonstrated 
molecule formation in an ultracold Fermi gas of ^"^K |23| . followed by three groups work- 
ing with ^Li: Rice University [24], the ENS Paris |25], and Innsbruck University [26] . 
The latter experiments on ^Li also demonstrated an amazing fact. Molecules made of 
fermionic atoms can be remarkably stable against inelastic decay, allowing for the for- 
mation of stable molecular quantum gases. 



(^) This statement refers to macroscopically trapped gases of a large number of atoms. Highly 
correlated systems of bosons can be created in optical lattices [20] . 
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In late 2003 three groups reported on the achievement of molecular Bosc-Einstein con- 
densation, our group (''Li) [7], the JILA group ("^"K) [22|, and the MIT group (''Li) [28] . 
followed early in 2004 by the ENS group (^Li) Early in 2004, the JILA group [30] 
and the MIT group 31j demonstrated pair condensation in strongly interacting Fermi 
gases with resonant interactions, i.e. beyond the BEC regime. These experiments demon- 
strated a new macroscopic quantum state of ultracold matter beyond well-established 
BEC physics, which has stimulated an enormous interest in the field. 

The experiments then started to explore the crossover from a BEC-type system to 
a fermionic superfluid with Bardeen-Cooper-Schrieffer (BCS) type pairing. Elementary 
properties of the Fermi gas in the BEC-BCS crossover were studied by several groups. In 
Innsbruck, we showed that the crossover proceeds smoothly and can be experimentally 
realized in an adiabatic and reversible way [22 . At the ENS the crossover was investigated 
in the free expansion of the gas after release from the trap. Measurements of collective 
excitation modes at Duke University and in Innsbruck showed exciting observations and 
provided pieces of evidence for superfluidity in the strongly interacting gas. The Duke 
group measured very low damping rates, which could not be explained without invoking 
superfluidity [33]. Our work on collective oscillations [31] showed a striking breakdown 
of the hydrodynamic behavior of the gas when the interaction strength was changed, 
suggesting a superfluid-normal transition. 

Spectroscopy on fermionic pairing based on a radio-frequency method showed the 
"pairing gap" of the strongly interacting gas along the BEC-BCS crossover [3S]. In these 
experiments performed in Innsbruck, temperature-dependent spectra suggested that the 
resonantly interacting Fermi gas was cooled down deep into the superfluid regime. A 
molecular probe technique of pairing developed at Rice University provided clear evidence 
for pairing extending through the whole crossover into the weakly interacting BCS regime 
[3S] . Measurements of the heat capacity of the strongly interacting gas performed at Duke 
University showed a transition at a temperature where superfluidity was expected [37] . 
After several pieces of experimental evidence provided by different groups, the final proof 
of superfluidity in strongly interacting Fermi gases was given by the MIT group in 2005 
|38j . They observed vortices and vortex arrays in a strongly interacting Fermi gas in 
various interaction regimes. 

New phenomena were recently explored in studies on imbalanced spin-mixtures at 
Rice University [3Sj and at MIT [ID]. These experiments have approached a new fron- 
tier, as such systems may offer access to novel superfluid phases. Experiments with 
imbalanced spin-mixtures also revealed the superfluid phase transition in spatial proflles 
of the ultracold cloud [4T] . 

3. Interactions in a ^Li spin mixture 

Controllable interactions play a crucial role in all experiments on strongly interacting 
Fermi gases. To exploit an s-wave interaction at ultralow temperatures, non-identical 
particles are needed; thus the experiments are performed on mixtures of two different 
spin states. Feshbach resonances [15l [TBI HI] allow tuning the interactions through vari- 
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Fig. 1. - Energy levels for the electronic ground state of Li atoms in a magnetic field. The 
experiments on strongly interacting Fermi gases are performed in the high magnetic field range, 
where the nuclear spin essentially decouples from the electron spin. The two-component atomic 
mixture is created in the lowest two states, labelled with 1 and 2 (inset), close to the broad 
Feshbach resonance centered at 834 G. 



ations of an external magnetic field. In this section, we review the two-body interaction 
properties of ^Li. In particular, we discuss the behavior close to a wide Feshbach reso- 
nance with very favorable properties for interaction tuning in strongly interacting Fermi 
gases. 

3'1. Energy levels of^Li atoms in a magnetic field. - The magnetic-field dependence 
of the energy structure of ^Li atoms in the electronic S1/2 ground state is shown in Fig.[T] 
The general behavior is similar to any alkali atom |43| and is described by the well-known 
Breit-Rabi formula. At zero magnetic field, the coupling of the ^Li nuclear spin (/ — 1) 
to the angular momentum of the electron (J — 1/2) leads to the hyperfine splitting of 
228.2 MHz between the states with quantum numbers F = I + J and F = I — J. 

Already at quite moderate magnetic fields the Zeeman effect turns over into the high- 
field regime, where the Zeeman energy becomes larger than the energy of the hyperfine 
interaction. Here the nuclear spin essentially decouples from the electron spin. In atomic 
physics this effect is well known as the "Paschen-Back effect of the hyperfine structure" 
or "Back-Goudsmit effect" 43 . In the high-field region the states form two triplets, 
depending on the orientation of the electron spin {iris = il/2), where the states are 
characterized by the orientation of the nuclear spin with quantum number mj. For 
simplicity, we label the states with numbers according to increasing energy (see inset in 
Fig. [1]). The lowest two states 1 and 2 are of particular interest for creating stable spin 
mixtures. These two states rus — —1/2, to/ — +1 (nis = —1/2, m/ = 0) are adiabatically 
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Fig. 2. - Tunability of the s-wave interactions in a spin mixture of ^Li atoms in the two lowest 
spin states 1 and 2. The s-wave scattering length a shows a pronounced, broad resonance as a 
function of the magnetic field |44l 145) . The vertical dotted line indicates the exact resonance 
field (834 G) where a goes to infinity and the interaction is only limited through unitarity. 



connected with the states F = 1/2, mp = 1/2 {F = 1/2, m^? = —1/2) at low magnetic 
fields. 

3'2. Tunability at the marvelous 834 G Feshbach resonance. - Interactions between 
^Li atoms in states 1 and 2 show a pronounced resonance in s-wave scattering |44[ 145] 
with favorable properties for the experiments on strongly interacting Fermi gases. Fig. [5] 
displays the scattering length a as a function of the magnetic field B. The center of the 
resonance, i.e. the point where a diverges, is located at 834 G. This resonance center is 
of great importance to realize the particularly interesting situation of a universal Fermi 
gas in the unitarity limit; see discussion in l5'3l 

The investigation of the broad Feshbach resonance in ^Li has a history of almost ten 
years. In 1997, photoassociation spectroscopy performed at Rice University revealed a 
triplet scattering length that is negative and very large [4S]. A theoretical collaboration 
between Rice and the Univ. of Utrecht [44] then led to the prediction of the resonance 
near 800 G. In 2002, first experimental evidence for the resonance was found at MIT [77] . 
at Duke University [4S^, and in Innsbruck [JS]. At about 530 G, experiments at Duke and 
in Innsbruck showed the zero crossing of the scattering length that is associated with the 
broad resonance. The MIT group observed an inelastic decay feature in a broad magnetic- 
field region around 680 G. The decay feature was also observed at the ENS Paris, but at 
higher fields around 720 G [12] . The ENS group also reported indications of the resonance 
position being close to 800 G. In Innsbruck the decay feature was found f50j in a broad 



6 



Rudolf Grimm 



region around 640 G If^l Molecule dissociation experiments at MIT [3TJ [51] provided a 
lower bound of 822 G for the resonance point. To date the most accurate knowledge 
on a{B) in ^Li spin mixtures results from an experiment-theory collaboration between 
Innsbruck and NIST on radio- frequency spectroscopy on weakly bound molecules [45j . 
This work puts the resonance point to 834.1 G within an uncertainty of ±1.5 G. 

The dependence a{B) near the Feshbach resonance can be conveniently described by 
a fit formula [45j . which approximates the scattering length in a range between 600 and 
1200 G to better than 99%, 

(1) a{B)^a^,(^l + -^^yi + a{B-Bo)) 

with abg = -1405ao, Bq = 834.15G, AB = 300G, and a = 0.040kG-^ here qq = 
0.529177 nm is Bohr's radius. 

Concerning further Feshbach resonances in ^Li, we note that besides the broad 834 G 
resonance in the (1, 2) spin mixture, similar broad s-wave resonances are found in (1, 3) 
and in (2,3) mixtures with resonance centers at 690 G and at 811 G, respectively [45] . 
The (1,2) spin mixture also features a narrow Feshbach resonance near 543 G with a 
width of roughly 100 mG [231 [51]. Moreover, Feshbach resonances in p- wave scattering of 
^Li have been observed in (1, 1), (1, 2), and (2, 2) colhsions at the ENS [52] and at MIT 

m- 

3'3. Weakly bound dimers. - A regime of particular interest is realized when the 
scattering length a is very large and positive. The scale for "very large" is set by the 
van der Waals interaction between two ^Li atoms, characterized by a length Rvdw — 
{mCe/h'^y^^ /2 — 31.26 flQ (for ^Li, Cq — 1393 a. u. and the atomic mass is to = 6.015u). 
For a 3> i?vdWj a- we akly bound molecular state exists with a binding energy given by 
the universal formula [{fj 



(2) 



In this regime, the molecular wave function extends over a much larger range than the 
interaction potential and, for large interatomic distances r 3> Rvdw, falls off exponen- 
tially as exp(— 7'/a). The regime, in which a bound quantum object is much larger than a 



(^) The interpretation of these inelastic decay features involves different processes, which depend 
on the particular experimental conditions, see also 14 31 In a three-body recombination event, 
immediate loss occurs when the release of molecular binding energy ejects the particles out of the 
trap. Another mechanism of loss is vibrational quenching of trapped, weakly bound molecules. 
The fact that, in contrast to bosonic quantum gases, maximum inelastic decay loss does not 
occur at the resonance point, but somewhere in the region of positive scattering length is crucial 
for the stability of strongly interacting Fermi gases with resonant interactions. 
(^) A useful correction to the universal expression for the non-zero range of the van der Waals 
potential is Eh ~ 'h? /{m{a — a)^) where a = 0.956 -Rvdw [53j . 



Ultracold Fermi gases in the BEC-BCS crossover: a review from the Innsbruck perspectiveT 



1 — ■ ' T ' I ' — ' ' ■ I ' — ' ■ ■ — I—" — r 




magnetrc field (G) 

Fig. 3. - Binding energy E\y of weakly bound ''Li molecules, which exist on the lower side of 
the 834 G Feshbach resonance. Here we use temperature units (A:b x 1 jiK ~ h x 20.8 kHz) for a 
convenient comparison with our experimental conditions. 



classical system, is also referred to as the "quantum halo regime" [54] . For quantum halo 
states, the details of the short-range interaction are no longer relevant and the physics ac- 
quires universal character |55| . Here two-body interactions are completely characterized 
by a as a single parameter. 

From these considerations, we understand that the lower side of the 834 G Feshbach 
resonance in ^Li is associated with the regime of weakly bound (quantum halo) molecules. 
The binding energy of the weakly bound ^Li molecular state is plotted in Fig. [3] as a 
function of the magnetic field. 

Weakly bound molecules made of fermionic atoms exhibt striking scattering properties 
[56] , As a big surprise, which enormously boosted the field of ultracold fcrmions in 2003, 
these dimers turned out to be highly stable against inelastic decay in atom-dimer and 
dimer-dimer collisions. The reason for this stunning behavior is a Pauli suppression effect. 
The collisional quenching of a weakly bound dimer to a lower bound state requires a close 
encounter of three particles. As this necessarily involves a pair of identical fermions the 
process is Pauli blocked. The resulting collisional stability is in sharp contrast to weakly 
bound dimers made of bosonic atoms [571 ISHl HSl 110] > which are very sensitive to inelastic 
decay. The amazing properties of weakly bound dimers made of fermions were first 
described in Ref. [56] . Here we just summarize the main findings, referring the reader to 
the lecture of G. Shlyapnikov in these proceedings for more details. 

For elastic atom-dimcr and dimer-dimer collisions, Petrov et al. |56j calculated the 
scattering lengths 



(3) 
(4) 



Had = 1-2 a, 
Odd — 0.6 a. 



8 



Rudolf Grimm 



respectively. Inelastic processes, described by the loss-rate coefficients aad and add, 
follow the general scaling behavior [56] 




Here the dimensionless coefficients Cad and Cdd depend on non-universal short-range 
physics. We point out that, for typical experimental conditions in molecular BEC ex- 
periments (see Sec. [4]), the factor (i?vdw/a)^'^^ results in a gigantic suppression of five 
orders of magnitude in inelastic dimer-dimer collisions! 

The general scaling behavior of inelastic loss is universal and should be the same for ^Li 
and '^"K, consistent with measurements on both species [25l [26l [61] The pre-factors Cad 
and Cdd, however, are non-universal as they depend on short-range three-body physics. 
A comparison of the experiments on both species shows that inelastic decay of weakly 
bound molecules is typically two orders of magnitude faster for ''°K than for ^Li. This 
difference can be attributed to the larger van der Waals length of in combination 
with its less favorable short-range interactions. 

This important difference in inelastic decay is the main reason why experiments on 
^Li and ""^K follow different strategies for the creation of degenerate Fermi gases. In 
^Li, the regime of weakly bound dimers on the molecular side of the Feshbach resonance 
opens up a unique route into deep degeneracy, as we will discuss in the following Section. 

4. The molecular route into Fermi degeneracy: creation of a molecular 
Bose-Einstein condensate 

In experiments on Li g molecular Bose-Einstein condensate (mBEC) can serve 

as an excellent starting point for the creation of strongly interacting Fermi gases in the 
BEC-BCS crossover regime. In this section, after discussing the various approaches 
followed by different groups, we describe the strategy that we follow in Innsbruck to 
create the mBEC. 

4'1. A brief review of different approaches. - The experiments on strongly interacting 
gases of ^Li in different laboratories (in alphabetical order: Duke University, ENS Paris, 
Innsbruck University, MIT, Rice University) are based on somewhat different approaches. 
The first and the final stages of all experiments are essentially the same. In the first stage, 
standard laser cooling techniques [62] are applied to decelerate the atoms in an atomic 
beam and to accumulate them in a magneto-optic trap (MOT); for a description of our 
particular setup see Refs. [53] [30]. In the final stage, far-detuned optical dipole traps [M] 
are used to store and manipulate the strongly interacting spin mixture. The creation 
of such a mixture requires trapping in the high-field seeking spin states 1 and 2 (see 
Fig-O? which cannot be achieved magnetically. The main differences in the experimental 




(6) 



(5) 
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approaches pursued in the five laboratories concern the intermediate stages of trapping 
and cooHng. The general problem is to achieve an efficient loading of many ^Li atoms 
into the small volume of a far-detuned optical dipole trap. 

At Rice Univ., ENS, and MIT, magnetic traps are used as an intermediate stage 
[3 [31 [5]. This approach offers the advantage of a large volume and efficient transfer 
from a MOT with minimum loading losses. To achieve efficient cooling in the magnetic 
trap, the experiments then use bosonic atoms as a cooling agent. At Rice Univ. and at 
ENS, the ^Li atoms are trapped together with the bosonic isotope ^Li [2 [3]. The isotope 
mixture can be efficiently cooled to degeneracy by radio-frequency induced evaporation. 
Finally the sample is loaded into an optical dipole trap, and the atoms are transferred 
from their magnetically trappable, low-field seeking spin state into the high-field seeking 
states 1 and 2. The internal transfer is achieved through microwave and radio- frequency 
transitions. In this process it is important to create an incoherent spin mixture, which 
requires deliberate decoherence in the sample. At MIT the approach is basically similar 
[5], but a huge BEG of Na atoms is used as the cooling agent. This results in an 
exceptionally large number of atoms in the degenerate Fermi gas [65] . In all three groups 
(Rice, ENS, MIT), final evaporative cooling is performed on the strongly interacting spin 
mixture by reducing the power of the optical trap. 

The experiments at Duke University |21| and in Innsbruck |7j proceed in an all- 
optical way without any intermediate magnetic traps. To facilitate direct loading from 
the MOT, the optical dipole traps used in these experiments have to start with initially 
very high laser power. For the final stage of the evaporation much weaker traps are 
needed. Therefore, the all-optical approach in general requires a large dynamical range 
in the optical trapping power. The Duke group uses a powerful lOO-W CO2 laser source 
[4] both for evaporative cooling and for the final experiments. In Innsbruck we employ 
two different optical trapping stages to optimize the different phases of the experiment. 

4'2. The all-optical Innsbruck approach. - An efficient transfer of magneto-optically 
trapped lithium atoms into an optical dipole trap is generally much more difficult than 
for the heavy alkali atoms. The much higher temperatures of lithium in a MOT of 
typically a few hundred microkelvin [63j require deep traps with a potential depth of the 
order of 1 mK. We overcome this bottleneck of dipole trap loading by means of a deep 
large- volume dipole trap serving as a "funnel" . The trap is realized inside a build-up 
cavity constructed around the glass cell [70] . The linear resonator enhances the power of 
a 2-W infrared laser (Nd:YAG at a wavelength of 1064 nm) by a factor of ~150 and, with 
a Gaussian beam waist of 160^m, allows us to create a 1 mK deep optical standing-wave 
trapping potential. Almost 10^ atoms in the lower hyperfine level with F — 1/2 can 
be loaded from the ®Li MOT into the resonator-enhanced dipole trap at a temperature 
of typically a few 100 ^K. Note that, when loaded from the MOT, the spin mixture of 
states 1 and 2 in the optical dipole trap is incoherent from the very beginning. 

Then we apply a single beam from a 10-W near-infrared laser (wavelength 1030 nm), 
which is focussed to a waist of typically a few ten /xm (^^25 /xm in our earlier experiments 
[7l[32l[34], ~50/im in more recent work [71]), overlapping it with the atom cloud in the 
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Fig. 4. - Illustration of the "dimple trick" . The atoms are first transferred from the MOT into 
a large- volume optical reservoir trap (a), here implemented inside of an optical resonator. A 
narrow "dimple" potential (b) is then added and thermalization leads to a huge increase of the 
local density and phase-space density according to the Boltzmann factor as the temperature is 
set by the reservoir. After removal of the reservoir trap (c) one obtains a very dense sample 
optically trapped sample. Forced evaporative cooling can then be implemented (d) by ramping 
down the trap power. The dimple trick, originating from work in Refs. [SS] and [67j . has proven 
a very powerful tool for the all-optical creation of degenerate quantum gases [681 169) . 



standing-wave trapping potential. The total optical potential can then be regarded as a 
combination of a large-volume "reservoir" trap in combination with a narrow "dimple" 
potential. The dimple is efficiently filled through elastic collisions resulting in a large 
increase in local density, phase-space density, and elastic collisions rate; this "dimple 
trick" is illustrated in Fig. 3) After removal of the reservoir, i.e. turning off the standing- 
wave trap, we obtain a very dense cloud of ^1.5 x 10^ atoms at a temperature T « 80 /iK, 
a peak density of ^lO^^cm"^, a peak phase-space density of 5 x 10^"^, and a very high 
elastic collision rate of 5 x 10^ s^^. In this way, excellent starting conditions are realized 
for evaporative cooling. 

A highly efficient evaporation process is then forced by ramping down the laser power 
by typically three orders of magnitude within a few seconds. The formation of weakly 
bound molecules turns out to play a very favorable role in this process and eventually 
leads to the formation of a molecular BEC. The details of this amazing process will be 
elucidated in the following. 

4'3. Formation of weakly bound molecules. - The formation of weakly bound molecules 
in a chemical atom-molecule equilibrium |72[|73j plays an essential role in the evaporative 
cooling process; see illustration in Fig. [S] In the ^Li gas, molecules are formed through 
three-body recombination. As the molecular binding energy Ei^ is released into kinetic 
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Fig. 5. - Illustration of the atom-molecule thermal equilibrium in a trapped Li gas at the 
molecular side of the Feshbach resonance. Atoms in the two spin states and molecules represent 
three sub-ensembles in thermal contact (thermal energy k^T). The molecules are energetically 
favored because of the binding energy Eh, which is reflected in the Boltzmann factor in Eq. [7] 
The equilibrium can also be understood in terms of a balance of the chemical processes of 
exoergic recombination and endoergic dissociation [72] . 



energy, this process is exoergic and thus leads to heating of the sample \{'^ \ The inverse 
chemical process is dissociation of molecules through atom-dimer and dimer-dimer col- 
lisions. These two-body processes are endoergic and can only happen when the kinetic 
energy of the collision partners is sufficient to break up the molecular bond. From a 
balance of recombination (exoergic three-body process) and dissociation (endoergic two- 
body processes) one can intuitively understand that molecule formation is favored at low 
temperatures and high number densities, i.e. at high phase-space densities. 

For a non-degenerate gas, the atom-molecule equilibrium follows a simple relation [72] 

2 . / -Eb 



(7) '^mol = (/)at exp , . , 

where 0moi and denote the molecular and atomic phase-space densities, respectively. 



{^) The relation of released binding energy to the trap depth is crucial whether the recom- 
bination products remain trapped and further participate in the thermalization processes. For 
low trap depth the recombination leads to immediate loss. This explains why the loss features 
observed by different groups [471 1221 150j shift towards lower fields at higher trap depths. 
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Fig. 6. - Experimental results [26] demonstrating how an ultracold ''Li gas approaches a chemical 
atom-molecule equilibrium on the molecular side of the Feshbach resonance. The experiment 
starts with a non-degenerate, purely atomic gas at a temperature of 2.5 and a peak atomic 
phase-space density of 0.04. The magnetic field is set to 690 G, where a — 1420 ao and /fee 
— 15 fjK. Nut and N^noi denote the number of unbound atoms and the number of molecules, 
respectively. The total number of unbound and bound atoms 2Ai'moi + Na_t slowly decreases 
because of residual inelastic loss, see l3'3l 



The Boltzmann factor enhances the fraction of molecules in a trapped sample and can 
(partially) compensate for a low atomic phase-space density. Including the effect of 
Fermi degeneracy, the thermal atom-molecule equilibrium was theoretically investigated 
in Ref. [73 . 

We have experimentally studied the thermal atom-molecule equilibrium in Ref. [55]. 
Fig. [6] illustrates how an initially pure atomic gas tends to an atom-molecule equilib- 
rium. The experiment was performed at a magnetic field of 690 G and a temperature 
T = 2.5 /zK with a molecular binding energy of Exy/k-g, — 15 /xK. The observation that 
more than 50% of the atoms tend to form molecules at a phase-space density of a factor 
of thirty from degeneracy, highlights the role of the Boltzmann factor (see Eq. [7]) in the 
equilibrium. Note that in Fig. (6] the total number of particles decreases slowly because 
of residual inelastic decay of the molecules. The magnetic field of 690 G is too far away 
from resonance to obtain a full suppression of inelastic collisions. Further experiments 
in Ref. [2S] also demonstrated how an atom-molecule thermal equilibrium is approached 
from an initially pure molecular sample. In this case atoms are produced through disso- 
ciation of molecules at small molecular binding energies closer to the Feshbach resonance. 

An experiment at ENS [53] demonstrated the adiabatic conversion of a degenerate ^Li 
Fermi gas produced at a < into a molecular gas by slowly sweeping across the Feshbach 
resonance. This resulted in a large molecular fraction of up to 85% and experimental con- 
ditions close to mBEC. Before the work in ^Li, molecule formation in an ultracold Fermi 
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Fig. 7. - Stages of evaporative cooling on the molecular side of the Feshbach resonance, (a) 
For a hot gas, very few molecules are present and the evaporation can be understood in terms 
of elastic collisions in the atomic spin mixture, (b) As the gas gets colder the chemical atom- 
molecule equilibrium begins to favor the molecules, (c) Further evaporation removes atoms but 
not molecules because of the two times different trap depths, (d) After disappearance of the 
atoms, evaporation can be fully understood in terms of the molecular gas. This eventually leads 
to molecular Bose-Einstein condensation. 



gas through a Feshbach sweep was demonstrated with at JILA [53]. The long-lived 
nature of the '^''K molecules close to the Feshbach resonance was demonstrated in later 
work [61]. Note that long-lived molecules of ^Li were also produced from a degenerate 
gas at Rice Univ. |24| . This experiment, however, was performed by sweeping across 
the narrow Feshbach resonance at 543 G. The observed stability cannot be explained in 
terms of the Pauli suppression arguments in Sec. I3"3l and. to the best knowledge of the 
author, still awaits a full interpretation. 

4'4. Evaporative cooling of an atom-molecule mixture. - Based on the thermal atom- 
molecule equilibrium arguments discussed before, we can now understand why the evap- 
oration process works so well on the molecular side of the Feshbach resonance. 

Experimentally, we found that highly efficient evaporative cooling can be performed 
at a fixed magnetic field around 764 G [7]. At this optimum field, the large scattering 
length a = -f 4500 oq warrants a large stability of the molecules against inelastic decay 
fsee l3'3|) . The corresponding binding energy E\j/k^ = 1.5 /LtK is small enough to minimize 
recombination heating during the cooling process. However, it is larger than the typical 
Fermi energies in the final evaporation stage of a few hundred nK, which favors the 
molecule formation in the last stage of the cooling process. 

The different stages of evaporative cooling are illustrated in Fig. [T] In the first stage 
(a) molecule formation is negligible. As the cooling process proceeds (b, c), an increas- 
ing part of the trapped sample consists of molecules. Here, it is important to note that 
the optical trap is twice as deep for the molecules. This is due to the weakly bound 
dimers having twice the polarizability. Therefore, evaporation in an atom-molecule mix- 
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ture near thermal equilibrium essentially removes atoms and not the molecules. This 
predominant evaporation of unpaired atoms also has the interesting effect that the sam- 
ple reaches a balanced 50/50 spin mixture, even if one starts the evaporation with some 



imbalance in the spin composition If )l . In the final stage of the evaporation process, 
only molecules are left and the process can be essentially understood in terms of elastic 
molecule-molecule interactions. This leads to the formation of a molecular Bose-Einstein 
condensate (mBEC), as we will discuss in more detail in Sec. 14 51 

We point out two more facts to fully understand the efficiency of the evaporative 
cooling process in our set-up. The magnetic fie ld t hat we use for Feshbach tuning of 
the scattering properties 50] exhibits a curvature [{fj, which provides us with a magnetic 
trapping potential for the high-field seeking atoms along the laser beam axis (correspond- 
ing trapping frequency of 24.5 Hz x -y/S/kG). When the optical trap is very week at the 
end of the evaporation process, the trap is a hybrid (optically for the transverse motion 
and magnetically for the axial motion). The cooling then results in an axial compres- 
sion of the cloud which helps to maintain high enough number densities. The second 
interesting fact, which makes the all-optical route to degeneracy different for fermions 
and bosons [TH [551 IMl ES] , is that evaporative cooling of fermions can be performed at 
very large scattering lengths. For bosons this is impossible because of very fast three- 
body decay [TTIISH]- For a very large scattering length, a substantial part of the cooling 
process proceeds in the unitarity limit, where the scattering cross section is limited by 
the relative momentum of the particles. Decreasing temperature leads to an increase in 
the elastic scattering rate, which counteracts the effect of the decreasing number density 
when the sample is decompressed. Axial magnetic trapping and cooling in the unitarity 
limit help us to maintain the high elastic collision rate needed for a fast cooling process 
to degeneracy. 

It is very interesting to compare evaporative cooling on the molecular side of the 
Feshbach resonance (a < 0) to the cooling on the other side of the resonance (a > 0). 
For similar values of |a|, one obtains a comparable cross section a = 47ra^ for elastic 
collisions between atoms in the two spin states. However, a striking difference shows up 
at low optical trap depth in the final stage of the evaporative cooling process. Fig.[5]shows 
how the number of trapped atoms (including the ones bound to molecules) decreases with 
the trap power. On the molecular side of the Feshbach resonance, a shallow trap can 
contain about ten times more atoms than on the other side of the resonance. Obviously, 
this cannot be understood in terms of the scattering cross section of atoms and highlights 
a dramatic dependence on the sign of the scattering length. 

At the negative-a side of the resonance (open symbols in Fig. [8]) a sharp decrease 
of the number of trapped particles is observed when the Fermi energy reaches the trap 



(^) A large initial imbalance, however, is detrimental as the cooling process already breaks down 
in the first stage where only atoms are present. 

(®) For technical reasons the coils were not realized in the Helmholtz configuration, where the 
curvature disappears. At the end this turned out to be a lucky choice for the creation of the 
mBEC. 



Ultracold Fermi gases in the BEC-BCS crossover: a review from the Innsbruck perspectiveIS 




Fig. 8. - Evaporative cooling on both sides of the Feshbach resonance exhibits a strikingly 
different behavior [7]- The filled and open circles refer to magnetic fields of 764 G {a — +4500ao) 
and 1176 G {a — — SOOOao)- We plot the total number of trapped particles 2A^inoi + A^at as a 
function of the laser power. The power p is given relative to the initial laser power of 10.5 W of an 
exponential evaporation ramp with a 1/e time constant of 230 ms; the corresponding initial trap 
depth for the atoms is ~850/iK. The solid line shows the maximum number of trapped atoms 
according to the number of motional quantum states of the trap. The dashed lines indicate the 
corresponding uncertainty range due to the limited knowledge of the trap parameters. The inset 
shows the optimum production of molecules in the magnetic field range where a weakly bound 
molecular state exists. Here the total number of particles is measured for various magnetic fields 
at a fixed final ramp power p — 2.8 x 10~*, corresponding to a trap depth of ~440nK for the 
molecules. 



depth. Lowering the trap power below this critical level leads to a spilling of atoms 
out of the trap. The trapping potential does simply not offer enough quantum states 
for the atoms. The observed spilling is consistent with the number of quantum states 
calculated for a non- interacting Fermi gas (solid line) . A similar spilling effect is observed 
at the molecular side of the resonance (a > 0, filled symbols), but at much lower trap 
power. Before this spilling sets in, the trap contains nearly ten times more atoms as it 
would be possible for a non-interacting Fermi gas. This striking effect is explained by the 
formation and Bose-Einstein condensation of molecules. The spilling effect observed for 
the molecules with decreasing trap depth shows the chemical potential of the molecular 
condensate. 

The strategy to evaporatively cool on the molecular side of the Feshbach resonance 
and to produce an mBEC as the starting point for further experiments is also followed 
at MIT, ENS, and Rice University. The Duke group performs forced evaporation very 
close to the resonance, which we believe to be a better strategy when the dynamical 



16 



Rudolf Grimm 



range for the trap power reduction is technically limited. Comparing the performance 
of evaporative cooling at different magnetic fields, we observed that the cooling process 
is somewhat more efficient and more robust on the molecular side of the resonance than 
very close to resonance. 

4'5. The appearance of mBEC. - At the time of our early mBEC experiments in 
fall 2003 [T we had no imaging system to detect the spatial distribution of the gas at 
high magnetic fields, where we performed the evaporation experiments described in the 
preceding section. Nevertheless, by measuring the dependence of the total number of 
trapped particles on different parameters, we compiled various pieces of evidence for the 
formation of mBEC: 

1. We observed that a very shallow trap can contain much more atoms than it offers 
quantum states for a weakly interacting atomic Fermi gas. 

2. We observed very long lifetimes of up to 40 s for the trapped sample after a fast 
and highly efficient evaporation process. This shows that the sample has enough 
time to thermalize into an equilibrium state. 

3. We measured the frequency of a collective oscillation mode (see also Sec. [6]), which 
clearly revealed hydrodynamic behavior. 

4. By controlled spilling of the quantum gas out of the trap applying a variable mag- 
netic gradient, we could demonstrate that the chemical potential of the trapped 
sample depends on the magnetic field in the way expected for a mBEC from the 
prediction of the dimer-dimer scattering lenghts, see Eq. 2) 

These observations, together with our previous knowledge on molecule formation in 
the gas [26] and the general properties of the weakly bound dimers [56], led us to a 
consistent interpretation in terms of mBEC. At the same time mBEC was observed in a 
gas at JILA in Boulder ^7\. It is an amazing coincidence that our manuscript was 
submitted for publication on exactly the same day (Nov. 3, 2003) as the Boulder work on 
mBEC in ''"K. Very shortly afterwards, the MIT group observed the formation of mBEC 
in ^Li by detecting bimodal spatial distributions of the gas expanding after release from 
the trap [2H]. A few weeks later, we observed the appearance of bimodial distributions 
in in-situ absorption images of the trapped cloud [32j . At about the same time also the 
ENS group reported on mBEC. Fig.l^lshows a gallery of different observations of bimodal 
distributions in formation of ^Li mBECs at MIT [2H], in Innsbruck [311, at ENS [IS], and 
at Rice University [36] . 

5. Crossover from mBEC to a fermionic superfluid 

With the advent of ultracold Fermi gases with tunable interactions a unique way has 
opened up to explore a long-standing problem in many-body quantum physics, which 
has attracted considerable attention since the seminal work by Eagles [76], Leggett [77] 
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Fig. 9. - Gallery of Li molecular BEC experiments. Bimodal spatial distributions were observed 
for expanding gases at MIT 1281 and at ENS [29] , and in in-situ profiles of the trapped cloud in 
Innsbruck ,32j and at Rice University |36] . 



and Nozieres and Schmitt-Rink [751. Here we give a brief introduction (|5"ip into the 



physics of the BEC-BCS crossover l(/')l and we introduce some basic definitions and typical 
experimental parameters (j5'2p . We then consider a universal Fermi gas with resonant 
interactions (|5'3p and the equation of state in the crossover (|5'4p . Next we discuss the 
crossover at non-zero temperatures, including the isentropic conversion between different 
interaction regimes (|5'5I) . We finally review our first crossover experiments where we 
have observed how spatial profiles and the size of the strongly interacting, trapped cloud 
changed with variable interaction strength (|5'6p . 

5'I. BEC-BCS crossover physics: a brief introduction. - The crossover of a superfluid 
system from the BEC regime into the Bardeen-Cooper-Schrieffer (BCS) regime can be 



C) In the condensed- matter literature, the crossover is commonly referred to as the "BCS-BEC 
crossover", because BCS theory served as the starting point. In our work on ultracold gases, we 
use "BEC-BCS crossover", because we start out with the molecular BEC. The physics is one 
and the same. 
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BEC (a>0) unitarity limit BCS (a<0) 




Fig. 10. - Illustration ol the BEC-BCS crossover in a zero-temperature Li Fermi gas with 
tunable interactions. For positive scattering length (a > 0, BEC side ol the Feshbach resonance) 
the ground state ol the system is a Bose-Einstein condensate ol molecules. On resonance (a —> 
±00, unitarity limit) a strongly interacting Fermi gas with universal properties is realized. For 
negative scattering length (a < 0, BCS side ol the resonance) the system approaches the BCS 
regime. 



intuitively understood by first considering the two limits, which can be described in the 
framework of well-established theory (see illustration in Fig. [TU]) . For moderate positive 
scattering lengths, the fermions form bosonic molecules, and the ground state at T = 
is a BEC. For moderate negative scattering lengths, the ground state at T = is the 
well-known BCS state [751 [SU]. With variable interaction strength across a resonance, 
both regimes are smoothly connected through the strongly interacting regime. Here both 
BEC and BCS approaches break down and the description of the strongly interacting 
system is a difficult task. This situation poses great challenges for many-body quantum 
theories [5T] . 

The nature of pairing is the key to understanding how the system changes through 
the crossover. On the BEC side, the pairs are molecules which can be understood in the 
framework of two-body physics. The molecular binding energy iJb is large compared with 
all other energies, and the molecules are small compared with the typical interparticle 
spacing. In this case, the interaction can be simply described in terms of molecule- 
molecule collisions, for which the scattering length is known (see 13 3p . On the BCS 
side, two atoms with opposite momentum form Cooper pairs on the surface of the Fermi 
sphere. The pairing energy, i.e. the "pairing gap" , is small compared with the Fermi 
energy Ep and the Cooper pairs are large objects with a size greatly exceeding the typical 
interparticle spacing. In the strongly interacting regime, the pairs are no longer pure 
molecules or Cooper pairs. Their binding energy is comparable to the Fermi energy and 
their size is about the interparticle spacing. One may consider them either as generalized 
molecules, stabilized by many-body effects, or alternatively as generalized Cooper pairs. 

The ground state at T = is a superfluid throughout the whole crossover. In the 
BEC limit, the fermionic degrees of freedom are irrelevant and superfluidity can be 
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fully understood in terms of the bosonic nature of the system. In the opposite limit, 
superfluidity is described in the framework of BCS theory [79l [80] . In the strongly 
interacting regime, a novel type of superfluidity ( "resonance superfluidity" [82[|83| ) occurs 
where both bosonic and fermionic degrees of freedom are important . 

5'2. Basic definitions, typical experimental parameters. - Let us start with some basic 
definitions, which wc will need to describe the physics in the rest of this contribution. 
The Fermi energy of a trapped, non-interacting two-component gas is given by 

(8) Ef ^ hQ {3Ny^^ , 

here N is the total number of atoms in both spin states, and ui = (wx'-^y'^z)^^^ is the 
geometrically averaged oscillation frequency in the harmonic trapping potential. This 
expression can be derived within the Thomas-Fermi approximation for a sufficiently large 
number of trapped atoms [84j . The chemical potential /i of the non-interacting gas is 
equal to Ep. 

We use the Fermi energy of a non-interacting gas Ep to define an energy scale for the 
whole BEC-BCS crossover, i.e. for any regime of interactions. The corresponding Fermi 
temperature is 

(9) Tf - Ep/kB . 

We now introduce a Fermi wave number fcp, following the relation 

The inverse Fermi wave number fcp ^ defines a typical length scale for the crossover prob- 
lem. For the non-interacting case, k-p is related to the peak number density uq in the 
center of the trap [51] by 

(11) 

To characterize the interaction regime, we introduce the dimensionless interaction 
parameter l/fcpa, which is commonly used to discuss crossover physics. We can now 
easily distinguish between three different regimes. The BEC regime is realized for l/kpa 
3> 1, whereas the BCS regime is obtained for 1/kpa <C —1. The strongly interacting 
regime lies between these two limits where l/A;F|a| being small or not greatly exceeding 
unity. 

Let us consider typical experimental parameters for our ®Li spin mixture: an atom 
number of a few 10^, and a mean trap frequency [I'/27r near 200 Hz. This corresponds to 
a typical Fermi temperature Tp w 1 /iK and to k^^ w 200 nm w 4000 aq. A comparison of 
kp^ with the scattering lengths close to the 834 G Feshbach resonance (see Fig. [5]) shows 
that there is a broad crossover region where the ^Li system is strongly interacting. The 
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peak number then considerably exceeds the typical value rto ~ 4 x 10^^ cm ^ calculated 
for the non-interacting case. 

5'3. Universal Fermi gas in the unitarity limit. - The resonan ce w here a[B) diverges 



and l/fcpa = 0, is at the heart of BEC-BCS crossover physics [(fj. Here the s-wave 
interaction between colliding fermions is as strong as quantum mechanics allows within 
the fundamental limit of unitarity. In this situation, and l/fcp represent the only 
energy and length scales in the problem and the system acquires universal properties 
[551 [57] . The broad Feshbach resonance in the ultracold ^Li gas offers excellent 
possibilities to study the properties of the universal Fermi gas [88] and the situation has 
attracted a great deal of experimental interest, as described in various parts of these 
proceedings. 

At r = 0, universality implies a simple scaling behavior with respect to the situation 
of a non-interacting Fermi gas. Following the arguments in Refs. [HSIMIIIT] the atomic 
mass TO can be simply replaced by an effective mass 

(12) moff 



1 + 



where (3 ~ —0.57 [89|, I90j is a dimensionless, universal many-body parameter. For a 
harmonic trapping potential, Eq.[T2]results in an effective trap frequency u)cs — vT-F|9 
and the chemical potential for zero-temperature gas in the unitarity limit is then given 

by 



(13) m=VT+^Sf. 

The density profile of the universal Fermi gas with resonant interactions is just a simple 
rescaled version of the density profile of the non-interacting gas, smaller by a factor of 
(1-f ~ 0.81. 

The universal many-body parameter was recently calculated based on quantum Monte- 
Carlo methods, yielding (3 = —0.56(1) 89J and —0.58(1) [M]- A diagrammatic theoretical 
approach [91] gave a value —0.545 very close to these numerical results. Several experi- 
ments in ^Li [SH [371 ISH] and in '"'K [22] have provided measurements of (5 in good 
agreement with the theoretical predictions. We will discuss our experimental results on 
/3 in some more detail in l5'6l 

At T 7^ 0, the Fermi gas with unitarity-limitcd interactions obeys a universal ther- 
modynamics with T/Tp being the relevant dimensionless temperature parameter [87] . 
Thermodynamic properties of the system have been experimentally studied in Ref. [37] . 



(*) In nuclear physics this situation is known as the "Bertsch problem" . G. F. Bertsch raised the 
question on the ground state properties of neutron matter under conditions where the scattering 
length between the two neutron spin states is large compared to the interparticle spacing. 
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5'4. Equation of state. - The equation of state is of central interest to characterize 
the interaction properties of the Fermi gas in the BEC-BCS crossover. For a system at 
T — 0, the equation of state is described by the chemical potential as a function of 
the number density n. For n{n) at T = 0, we now consider three special cases. For a 
non-interacting Fermi gas, fi = Ep, and one thus obtains 

(14) ^= (3^2)2/3^ „2/3_ 

For a Fermi gas with resonant interactions, universality implies that one obtains the 
same expression with a prefactor 1 + /3 (Eq. [12]) ■ In the mBEC regime, the chemical 
potential for the dimers is /id = 47r?i^addm-d ^ "d- With the simple relations between 
mass (md = 2m), number density (rid = n/2), and scattering length (add — 0.6a, see 
Eq. [?]) for dimers and atoms, and after substraction of the molecular binding energy E]^ 
= h"^ / [ma^), we obtain 

1 

(15) /i = - (/id - i^b) = ^ (0.67ran - a 2) . 

For the general BEC-BCS crossover problem one can introduce a "polytropic" equa- 
tion of state [nS] in the form 

(16) ^ CUV? . 

Here the "polytropic index" 7 depends on the interaction parameter l/fcpa. By compar- 
ing this equation of state with the above expressions one immediately sees that 7 = 1 
for the mBEC case (l/fcpa ^ 1), 7 = 2/3 both for the unitarity limit (l/fcpa = 0) 
and for the non-interacting case (l/fcpa ^ — 1). These three values are fixed boundary 
conditions for any crossover theory describing 7 as a function of l/fcpa. 

In the experiments, the Fermi gases are usually confined in nearly harmonic trapping 
potentials, which leads to an inhomogeneous density distribution. If the trap is not too 
small one can introduce the local- density approximation and consider a local chemical 
potential /i(r) = 11 — U{r), which includes the trapping potential U{r) at the position r. 
This assumption holds if the energy quantization of the trap is irrelevant with respect to 
the chemical potential and the pair-size is small compared to the finite size of the trapped 
sample. This approximation is well fulfilled for all crossover experiments performed in 
Innsbruck. 

5'5. Phase-diagram, relevant temperatures and energies. - At finite temperatures the 
BEC-BCS crossover problem becomes very challenging and it is of fundamental interest 
to understand the phase diagram of the gas. Two temperatures play an important role, 
the temperature Tc for the superfluid phase transition and a pairing temperature T*, 
characterizing the onset of pairing. Let us first discuss these two temperatures in the 
three limits of the crossover (BEC, unitarity, and BCS), see first two rows in Table [D 
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Table I. - Overview of important temperatures and energies in the three crossover limits. The 
expressions are valid for a harmonically trapped Fermi gas. 





mBEC 
(l/fcpa > 1) 


unitarity 
(l/fepa = 0) 


BCS 

(l/fcFfl < -1) 


crit. temp. 


Tc 


0.518 Tf 


~ 0.3 Tf 


0.277 TFexp(^) 


pair. temp. 


T* 


12(^)^^=exp(^^) 


~ 0.4 Tf 


Tc 


gap energy 


2A 




1.8£f 


3.528 fcsTc 


chem. pot. 




(0.294(fcFa)2/5 - (fcFffl)"^) £;f 


0.66£f 





The critical temperature Tc in the mBEC hmit follows directly from the usual expres- 
sion for the BEC transition temperature in a harmonic trap k^T^ ~ Q.^ATuoNK^ |94j . 

= N/2, and fceTp = to(3iV)i/3. The given value for the critical temperature in the 
unitarity limit was derived in various crossover theories [95l [37] . For the BCS regime, 
the critical temperature is a well-known result from Ref. [HS]; see also Refs. [Wl 198) . 

For the pairing temperature T* , typical numbers are given in the second row of TablelH 
In the framework of BCS theory, there is no difference between T* and Tc, which means 
that as soon as Cooper pairs are formed the system is also superfluid. On the BEC side, 
however, molecules are formed at much higher temperatures as the phase transition to 
molecular BEC occurs (see discussion in l4'3p . Setting 0,noi = 0at in Eq.[71 one can derive 
the implicit equation for T*/Tf given in the Table. In the unitarity limit, T* is not much 
higher than Tc; Ref. [HS] suggests TVTc w 1.3. 

The phase diagram in Fig. [11] illustrates the behavior of Tc and T* , as discussed before 
for the three limits. We point out that, in strongly interacting Fermi gases, there is a 
certain region where pairing occurs without superfluidity. In the language of high-Tc 
superconductivity [SS] [ST] , "preformed pairs" are present in the "pseudo-gap regime" . 

For overview purposes, Table |T] also gives the pairing energy 2A and the chemical 
potential fj,. In the mBEC regime, the pairing energy just corresponds to the molecular 
binding energy = 2{kFa)^'^Ep. The chemical potential — ^(^d ~ ^^b) (see Eg. [TS]) 
can be derived from ^^/fiui = ^{IbN^ad/ atiof'^^ with = (?i/TOd<^)^^^, valid for an 
mBEC in the Thomas-Fermi limit [94]. In the BCS limit, there is the fixed relation of 
the "gap" A to the critical temperature Tc given in Table |T] For the unitarity limit, 
the value given for the pairing energy stems from quantum Monte-Carlo calculations 
[89] . The behavior of A in the crossover is extensively discussed in 17 31 The table also 
presents the chemical potential fi according to Eqs. [HI and[T51 rewritten in terms of the 
parameters 1/k-pa and T^f- 

5'6. First Innsbruck crossover experiments: conservation of entropy, spatial profiles, 
and potential energy of the trapped gas. - The possibility to continuously vary the in- 
teraction parameter 1/k-pa through Feshbach tuning offers the fascinating possibility 
to convert the Fermi gas between different regimes and thus to explore the BEC-BCS 
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Fig. 11. - Schematic phase diagram for the BEC-BCS crossover in a harmonic trapping potential 
[95) . The critical temperature Tc marks the phase transition from the normal to the superfluid 
phase. Pair formation sets in gradually at a typical temperature T* > Tc- 



crossover. We performed our first experiments on crossover physics |32| in December 
2003 shortly after the first creation of the mBEC j7j. Here we summarize the main re- 
sults of these early experiments, which are of general importance for BEC-BCS crossover 
experiments with ^Li. 

We performed slow conversion-reconversion cycles, in which the strongly interacting 
gas was adiabatically converted from the BEC side of the crossover to the BCS side 
and vice versa. We found that this conversion took place in a lossless way and that the 
spatial profiles of the trapped cloud did not show any significant heating. We could thus 
demonstrate that, under appropriate experimental conditions, the conversion process can 
proceed in an essentially adiabatic and reversible way, which means that the entropy of 
the gas is conserved. 

The conservation of entropy has important consequences for the experiments: Because 
of the different relations between entropy and temperature in various interaction regimes, 
an isentropic conversion in general changes the temperature. As a substantial benefit, a 
drastic temperature reduction occurs when the degenerate gas is converted from mBEC 
into the BCS regime. This is very favorable for the achievement of a superfluid state on 
the BCS side of the resonance 98J or in the unitarity- limited resonance regime .IQOj . In 
our experiments, we typically start out with a condensate fraction of more than 90% in 
the weakly interacting mBEC regime. Based on the isentropic conversion process and the 
thermodynamics discussed in Ref. |100| we estimate that we obtain typical temperatures 
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Fig. 12. - Axial density profiles of a trapped ^Li Fermi gas in the crossover region |32) . The 
middle profile, taken very close to resonance (850 G), is compared to the Thomas- Fermi profile of 
a universal Fermi gas (solid line) . The small deviation on the top is due to a residual interference 
pattern in the images. 



between 0.05 Tp and 0.1 Tp for the Fermi gas in the unitarity limit [(£} 



Using slow magnetic field ramps we isentropically converted the trapped gas into 
different interaction regimes covering the whole resonance region and beyond. By in-situ 
imaging we recorded the axial density profiles of the trapped cloud. The results (see 
profiles in Fig. [T^ demonstrated the smooth behavior in the crossover. The cloud just 
became larger without showing any particular features, and we found simple Thomas- 
Fermi profiles to fit our observations very well. The one-di mensi onal spatial profiles 



did not show any signatures of a superfluid phase transition If^*^)! . in agreement with 
theoretical expectations [§51 1101] . 

To quantitatively characterize the behavior, we measured the root-mean-square axial 
size Zrnis of the cloud as a function of the magnetic field B. The normalized quantity 
C — Zrms/zo gives the relative size as compared to a non-interacting Fermi gas, where 
zq — {Ey- / '^moj'^y-^'^ . The potential energy of the harmonically trapped gas relative 
to a non-interacting Fermi gas is then simply given by C,'^ . Within the local density 
approximation, this is also valid for the three-dimensional situation. Our experimental 
results can thus be interpreted as the first measurement s of the potential energy of a 
trapped Fermi gas near T = in the BEC-BCS crossover [£ 



11' 



(^) We note that the large stability of ^Li in the mBEC regime offers an advantage over ""^K 
in that one can evaporatively cool in the mBEC regime and exploit the temperature-reduction 
effect in conversion onto the BCS side of the resonance. 

(^°) This is different in an imbalanced spin-mixture, where the superfluid phase transition was 
observed by changes in the spatial profiles '411. 

(^'^)We note that a later thorough analysis of the conditions of the experiments in Ref. [32] 
confirmed the atom number = 4 x 10^ to within an uncertainty of ±30%. However, we 
found that the horizontal trap frequency was only 80% of the value that we used based on 
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Fig. 13. - Results of the first Innsbruck BEC-BCS crossover experiments [32] on the axial size 
normalized to the theoretical size of a non- interacting Fermi gas — Zrms/zo). The solid line is 
a theoretical prediction for the size of a mBEC in the Thomas-Fermi limit, and the star indicates 
the theoretical value for the unitarity limit. 



The measured values for the relative size C are plotted in Fig. [12] and compared 
to the predictions for a weakly interacting molecular BEC with ajd — 0.6a in the in 
the Thomas-Fermi limit (solid line) and a universal Fermi gas in the unitarity limit 
(star). The experimental data on the mBEC side are consistent with the theoretical 
prediction. On resonance, the measured size was found somewhat below the prediction 
(1 + Py^"^ — 0.81 (|5'3p : see star in Fig. [T3] This slight discrepancy, however, may be 
explained by possible calibration errors in the measured number of atoms and in the 
magnification of the imaging system in combination with the anharmonicity of the radial 
trapping potential. Beyond resonance the results stayed well below the non-interacting 
value C = 1, showing that we did not reach weakly interacting conditions. This is a 
general consequence of the large background scattering length of ^Li, which (in contrast 
to ^°K) makes it very difficult to realize a weakly interacting Fermi gas on the BCS side 
of the Feshbach resonance. 

In general, the dependence of the size and thus the potential energy of the trapped 
gas in the BEC-BCS crossover that we observed in our first experiments |3p^! was found 
to fit well to corresponding theoretical predictions |91j . Later experiments by other 
groups provided more accurate measurements on the size of the gas for the particulary 



the assumption of a cylindrically symmetric trap (see I6'4| ). Moreover, the exact position of 
the Feshbach resonance was located at 834 G (see 13 2p instead of 850 G as assumed in the first 
analysis of the experiment. The up-to-date values are used for Fig. 1131 causing slight deviations 
from the original presentation of our data. 
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Fig. 14. - Illustration of elementary collective modes of a cigar-shaped quantum gas, confined 
in an elongated trap. The axial mode corresponds to a slow oscillation with both compression 
and surface character. The two low-lying radial modes correspond to fast oscillations with 
strong compression character ( "radial breathing mode" ) and with pure surface character ( "radial 
quadrupole mode"). 



interesting unitarity limit [371 ESI E2] ■ 

6. Collective excitations in the BEC-BCS crossover 

Elementary excitation modes provide fundamental insight into the properties of quan- 
tum-degenerate gases. In particular, they provide unique experimental access to study 
the hydrodynamic behavior that is associated with superfluidity. Collective modes have 
been studied very early in atomic BEC research, both in experiments f l021 1103j and in 
theory [104j . Measurements on collective oscillations have proven powerful tools for the 
investigation of various phenomena in atomic BECs [1051 11061 11071 11081 1109] . Building 
on this rich experience, collective modes attracted immediate attention to study strongly 
interacting Fermi gases [1101 [551 [M] as soon as these systems became experimentally 
available. Here, we give a basic introduction into collective modes in the BEC-BCS 
crossover (I6'ip . and we present an overview of the major experimental results obtained 
in our laboratory in Innsbruck and at Duke University (|6'2p , before we discuss our results 
in some more detail (|6 3H6 6p . 

6'1. Basics of collective modes. - We will focus our discussion on the geometry of elon- 
gated traps with cylindrical symmetry, because this is the relevant geometry for strongly 
interacting Fermi gases in single-beam optical traps. Besides the simple sloshing modes 
that correspond to center-of-mass oscillations in the trap, the cigar-shaped quantum gas 
exhibits three elementary, low-lying collective modes, which are illustrated in Fig. 1141 
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The axial mode corresponds to an oscillation of the length of the "cigar" with a 
frequency of the order of the axial trap frequency Wz. This oscillation is accompanied 
by a 180° phase-shifted oscillation of the cigar's radius, which reflects a quadrupolar 
character of the mode. Thus, the mode has the mixed character of a compression and a 
surface mode. The frequencies of the two low-lying radial modes are of the order of the 
radial trap frequency lo^. The "radial breathing mode" is a compression mode, for which 
the radius of the sample oscillates. The "radial quadrupole mode" is a pure surface mode 
where a transverse deformation oscillates without any change of the volume. 

To understand collective modes in a Fermi gas, it is crucial to distinguish between 
two fundamentally different regimes. Which regime is realized in an experiment depends 
on the interaction strength l/fcpa and the temperature T of the gas. 

• The collisionsless, non-superfluid regime - In a weakly interacting degenerate Fermi 
gas, elastic collisions are Pauli blocked [111111121 1113| . This is due to the fact that 
the final states for elastic scattering processes are already occupied. This Pauli 
blocking effect has dramatic consequences for the dynamics of a two-component 
Fermi gas when it is cooled down to degeneracy. In the non-degenerate case, the 
influence of collisions between the two different spin states can be very strong, 
as it is highlighted by our efficient evaporative cooling process (see I4'3p . In the 
degenerate case, however, collisions are strongly suppressed. A substantial increase 
in relaxation times |114j shows up as an important consequence. 

• The hydrodynamic regime - When a superfluid is formed at sufficiently low temper- 
atures, hydrodynamic behavior occurs as an intrinsic property of the system, and 
the gas follows the equations of superfluid hydrodynamics (see lecture of S. Stringari 
in these proceedings). However, in a strongly interacting Fermi gas bosonic pairs 
can be formed and their elastic interactions are no longer Pauli blocked; this may 
lead to classical hydrodynamics in a degenerate gas. In this case, the sample follows 
basically the same hydrodynamic equations as in the superfluid case. Therefore, 
it is not possible to draw an immediate conclusion on superfluidity just from the 
observation of hydrodynamic behavior. 

The existence of these two different regimes has important consequences for collec- 
tive oscillations. In the (non-superfluid) coUisionless case, the fermionic atoms perform 
independent oscillations in the trapping potential and the effect of elastic collisions and 
collisional relaxation is small |115[ 1114] . The ensemble then shows decoupled oscillations 
along the d iffere nt degrees of freedoms with frequencies that are twice the respective trap 
frequencies \(^'^) ■ 

In the hydrodynamic regime, a solution of the equations of motion (see lecture of 
S. Stringari) yields the following expressions for the collective mode frequencies in the 



(^^) We neglect small interaction shifts, which are discussed in [115] . 
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Table II. - Overview of collective mode frequencies in different regimes. 
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2 



elongated trap limit, uj^/uj^- \(^^) : 

(17) Wax = V(37 + 2)/(7+l) Wz , 

(18) Wc = \/27 + 2 , 

(19) tJq = V2 W,. . 

Here 7 is an effective polytropic index for the equation of state fEq. fTH)) . which takes into 
account the variation of the density across the inhomogeneous sample in the harmonic 
trap [116|, 1117] . For the mBEC case 7 = 1, and for the unitarity limit 7 = 2/3. The 
theory of collective modes in the BEC-BCS crossover has attracted considerable interest 
and is extensively discussed in Refs. (UOl |93l EH [HHl [IHl \IM HSl Ell \IM [123| . 

Table m] presents an overview of the frequencies of the three low- lying modes in differ- 
ent regimes. When the interaction is varied from mBEC to the unitarity limit, the axial 
mode changes its frequency by just ^2%. However, for the radial breathing mode the 
relative change is five times larger (~10%). This difference reflects the much stronger 
compression character of the radial breathing mode, which is why this mode is a prime 
tool to experimentally investigate the equation of state (see 16 5p . The fact that the 
radial quadrupole mode is a pure surface mode makes it insensitive to the equation of 
state. This mode can thus serve as a powerful tool for investigating the large differences 
between hydrodynamic and collisionless behavior [124j . 

6'2. Overview of recent experiments. - Here we give a brief overview of the major 
results of collective mode experiments performed at Duke University and in Innsbruck. 
Already in our early work on mBEC we measured the axial mode frequency to show 
that the trapped sample behaved hydrodynamically. The first experimental results on 
collective modes in the BEC-BCS crossover were reported by our team and the Duke 
group at the Workshop on Ultracold Fermi Gases in Levico (4-6 March 2004). These 
results were published in Refs. [551 [M] , 

The Duke group investigated the radial breathing mode for resonant interactions and 



(^^) For all experiments reported here, the traps fulfilled ujz/iOr < 0.1, which makes the elongated 
trap limit a valid approximation. 
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Fig. 15. - Evidence for superfluidity in a strongly interacting Fermi gas obtained at Duke Uni- 
versity from measurements of the damping of the radial breathing mode [33]. The damping time 
l/Fc (in units of the oscillation period 2ti/ujc) is plotted versus temperature T. The inset shows 
a breathing oscillation (cJc/Stt = 2830 Hz) at the lowest temperatures reached in the experiment. 
This figure was adapted from Ref. [33j . 



measured a frequency that was consistent with the theoretical prediction (see I6'ip for 
a hydrodynamic Fermi gas with unitarity-limited interactions. They also investigated 
the temperature-dependent damping behavior and observed strongly increasing damping 
times when the sample was cooled well below the Fermi temperature Tp; the main result 
is shown in Fig. [1^1 By comparing the results with available theories on Fermi gases in 
the collisionless, non-superfiuid regime and with theories on coUisional hydrodynamics 
they found the observed behavior to be inconsistent with these two regimes [33]. Su- 
perfluidity provided a plausible explanation for these observations, and the Duke group 
thus interpreted the results as evidence for superfluidity. Later experiments |351 1371 138] 
indeed provided a consistent picture of superfluidity for the conditions under which these 
collective mode experiments were performed. 

In our early experiments [34j , we measured the frequencies of the axial mode and the 
radial compression mode in the BEC-BCS crossover. Here we observed the frequency 
variations that result from the changing equation of state. On the BCS side of the 
Feshbach resonance, we observed a transition from hydrodynamic to non-superfluid, col- 
lisonless behavior. The transition occurred rather smoothly in the axial mode (see 16 3[) 
but abruptly in the radial breathing mode (see I6'4p . We also observed ultralow damp- 
ing in the axial mode, which nicely fits into the picture of superfluidity. The abrupt 
breakdown of hydrodynamics in the radial breathing mode was also observed at Duke 
University '125]. 

Further experiments on collective modes at Duke University [126j provided more in- 
formation on the temperature dependence of damping for unitarity-limited interactions. 
This experiment also hinted on different damping regimes. At Innsbruck University, we 
carried out a series of precision measurements on the frequencies of collective modes in 
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Fig. 16. - Axial mode in the BEC-BCS crossover. The figure shows our measurements [34] of the 
fi-equency ti;ax and the damping rate Fax in units of the axial trap frequency luz {uJz/2n = 22.6 Hz 
at _B = 834 G, ujr/2TT ~ 700 Hz). The horizontal, dashed lines indicate the theoretically expected 
frequencies in the BEC limit and in the coUisionless limit (cf. Table The figure on the right- 
hand side shows a blow-up of the resonance region; here the star refers to the frequency expected 
for the unitarity limit. 



the crossover [7T]. This provided a test of the equation of state and resolved seeming 
discrepancies between state-of-the-art theoretical predictions |117| and the early experi- 
ments [341 [T25) . 

6'3. Axial mode. - Our measurements of frequency and damping of the axial mode |34| 
are shown in Fig. 1161 To tune the two-body interaction we varied the magnetic field in a 
range between 700 and 1150 G, corresponding to a variation of the interaction parameter 
1/kpa between 2.5 and —1.2. For magnetic fields up to ~9GGG {1/kpa « —0.45), the 
oscillation shows the hydrodynamic frequencies and very low damping. For higher fields, 
damping strongly increases and the frequency gets closer to the coUisionless value, but 
never reaches it completely. These observations are consistent with a gradual transition 
from hydrodynamic to coUisionless behavior [114j . Even far on the BCS side of the 
resonance, the true coUisionless regime is not reached, as the Pauli blocking effect is not 
strong enough to suppress elastic collisions on a time scale below the very long axial 
oscillation period of about 50 ms. 

At the right-hand side of Fig. I16i we show a blow-up of the resonance region. One 
clearly sees that the axial mode frequency changes from the BEC value cjax/^^z = -^^5/2 = 
1.581 to the value of a universal Fermi gas in the unitarity limit of ■\/l2/5 = 1.549. We 
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were able to detect this small 2% effect because of the very low damping of the mode, 
allowing long observation times. Moreover, the magnetic axial confinement was perfectly 
harmonic, and the corresponding trap frequency cj^ could be measured with a relative 
uncertainty of below 10~^ |127j . 

It is also very interesting to consider the damping of the axial mode. The mini- 
mum damping rate was observed at ~815G, which is slightly below the exact resonance 
(834 G). Here we measured the very low value of r^/wz ~ 0.0015, which corresponds to 
a 1/e damping time as large as ^5 s. According to our present knowledge of the system, 
this ultralow damping is a result of superfluidity of the strongly interacting Fermi gas. 
The damping observed for lower magnetic fiel ds ca n be understood as a consequence of 



heating due to inelastic processes in the gas If^ U In general, damping rates are very 



sensitive to the residual temperature of the sample. 

6'4. Radial breathing mode: breakdown of hydrodynamics. - Our early measurements 
|34j of frequency and damping of the radial breathing mode are shown in Fig. 1171 The 
most striking feature is a sharp transition from the hydrodynamic to the collisionless 
regime. This occurs at a magnetic field of ~900G (l/fcpa w —0.45). Apparently, the 
hydrodynamic regime extends from the mBEC region across the unitarity limit onto the 
BCS side of the resonance. This behavior is consistent with the direct observation of 
superfluidity in the crossover region through vortices [38] . The breakdown of superfluid 
hydrodynamics is accompanied by very fast damping, which indicates a fast dissipation 
mechanism in the sample. We will come back to this in our discussion of the pairing 
gap (last paragraph in I7"3|) . The breakdown of hydrodynamics on the BCS side of the 
resonance was also observed by the Duke group |125j . 

To quantitatively understand the frequencies in the hydrodynamic regime as mea- 
sured in our early collective mode experiments [33], one has to take into account an 
unintended ellipticity of the transverse trapping potential [128] . We found out later after 
technical upgrades to our apparatus that the ratio of horizontal and vertical trap fre- 
quencies was Lo-x^/ujy « 0.8. Due to the fact that the gas was not completely cylindrically 
symmetric, the collective mode frequencies deviate from the simple expressions presented 
in I6TI For small ellipticities, Eq. [18] still provides a reasonable approximation when an 
effective transverse oscillation frequency of ^JuJ^JJ^ is used for ajj. [3^. For an accurate 
interpretation of the measurements, however, a more careful consideration of ellipticity 
effects is necessary [T^[7T][T^. 

In Fig. 1171 we indicate the expected normalized compression mode frequencies Wc/wy 
for the limits of mBEC (dahed line below resonance), unitarity (star), and for a non- 
interacting collisionless gas (dashed line above resonance). For normalization we have 
used the vertical trap frequency Wy, which was directly measured in the experiments. 
Moreover, we assumed uj^jiOy = 0.8 to calculate the eigenfrequencies of the collective 



Precise frequency measurements of the slow axial mode require long observation times. On 
the BEG side of the resonance, heating due to inelastic decay then becomes a hardly avoidable 
problem. 
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Fig. 17. - Measurements of the frequency lJc and the damping rate Fc of the radial compression 
mode in the BEC-BCS crossover [34]. Here the oscillation frequencies were determined relative 
to the vertical trap frequency ujy ~ 750 Hz. As we found in later experiments, the trap was 
somewhat elliptic with a horizontal trap frequency ~ 600 Hz. This is about 20% below the 
vertical one and has a substantial effect on the hydrodynamic frequencies [128) . On the BEC 
side of the Feshbach resonance, the dashed line indicates the frequency theoretically expected in 
the BEC limit {ujc/uiy = 1.85 for Wx/wy = 0.8). The star marks the frequency in the unitarity 
limit (uJc/iOy = 1.805 for ui^/cuy = 0.8). On the BCS-side, the dashed line indicates the frequency 
2u}y for the collisionless case. 



modes |128[ . We see that, within th e exp erimental uncertainties, the measurements 
agree reasonably well with those limits If^'^) . 

For a quantitative comparison of our early compression mode measurement with the- 
ory and also with the experiments of the Duke group, the ellipticity turned out to be 
the main problem. However, as an unintended benefit of this experimental imperfection, 
the larger difference between the frequencies in the hydrodynamic and the coUisionsless 
regime strongly enhanced the visibility of the transition between these two regimes. 

6'5. Precision test of the equation of state. - Collective modes with compression char- 
acter can serve as sensitive probes to test the equation of state of a superfluid gas in 
the BEC-BCS crossover. The fact that a compression mode frequency is generally lower 



(^^) The slight deviation in the unitarity limit is likely due to the anharmonicity of the trapping 
potential, which is not taken into account in the calculation of the frequencies. 
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for a Fermi gas in the unitarity limit than in the mBEC case simply reflects the larger 
compressibility of a Fermi gas as compared to a BEC. The data provided by the experi- 
ments in Innsbruck 34J and at Duke University [33l I125j in 2004 opened up an intriguing 
possibility for quantitative tests of BEC-BCS crossover physics. For such precision tests, 
frequency measurements of collective modes are superior to the simple size measurements 
discussed in Sec. [5] It is an important lesson that one learns from metrology that it is 
often very advantageous to convert the quantity to be measured into a frequency. In 
this spirit, the radial breathing mode can be seen as an excellent instrument to convert 
compressibility into a frequency for accurate measurements. 

A comparison of the axial mode data from Innsbruck and the measurements on the 
radial breathing mode from Duke University with mean-field BCS theory showed reason- 
able agreement |1161 1121"| I117j . This, however, was somewhat surprising as mean- field 
BCS theory has the obvious shortcoming that it does not account for beyond-mean-ficld 
effects [1301 1131] . The latter were expected to up-shift the compression mode frequen- 
cies in the strongly interacting mBEC regime [110] . but they seemed to be absent in 
the experiments. Advanced theoretical calculations based on a quantum Monte-Carlo 
approach [90] confirmed the expectation of beyond-mean-field effects in the equation 
of state and corresponding up-shifts in the collective mode frequencies as compared to 
mean-field BCS theory [mi[TT7| . 

The apparent discrepancy between theory and experiments 1(^^)1 motivated us to per- 
form a new generation of collective mode experiments |71| with much higher precision 
and with much better control of systematic effects. To achieve a 10"'^ accuracy level, 
small ellipticity and anharmonicity corrections had to be taken into account. In Fig. [TBI 
we present our measurements on the frequency of the radial breathing mode in the BEC- 
BCS crossover. Because of the very low uncertainties it can be clearly seen that our 
data agrees with the quantum Monte-Carlo equation of state, thus ruling out mean-field 
BCS theory. Our experimental results also demonstrate the presence of the long-sought 
beyond-mean-field effects in the strongly interacting BEC regime, which shift the nor- 
malized frequency somewhat above the value of two, which one would obtain for a weakly 
interacting BEC. 

To obtain experimental results valid for the zero-temperature limit (Fig. llSp it was 
crucial to optimize the timing sequence to prepare the gas in the BEC-BCS crossover 
with a minimum of heating after the production of the mBEC as a starting point. A 
comparison of the ultralow damping rates observed in our new measurements with the 
previous data from 2004 shows that the new experiments were indeed performed at 
much lower temperatures. We are convinced that temperature-induced shifts provide 
a plausible explanation for the earlier measurements being closer to the predictions of 
mean-field BCS theory than to the more advanced quantum Monte-Carlo results. For 
the strongly interacting mBEC regime, we indeed observed heating (presumably due to 



(^^) The discrepancy between the first experiments at Duke [33) and in Innsbruck 34 disap- 
peared when we understood the problem of ellipticity in our setup (see Sec. I6'4|) . 
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Fig. 18. - Precision measurements of the radial breathing mode frequency versus interaction 
parameter l/fcpa in comparison with theoretical calculations [71]. The frequency is normalized 
to the radial trap frequency. The experimental data include small corrections for trap ellipticity 
and anharmonicity and can thus be directly compared to theory in the limit of an elongated trap 
with cylindrical symmetry (see l6T|) . The open and filled circles refer to measurements at trap 
frequencies (ojxt^y)^''^ of 290 Hz and 590 Hz, respectively. Here lj^/loj was typically between 0.91 
and 0.94. The filled triangle shows a zero-temperature extrapolation of a set of measurements 
on the temperature dependence of the frequency. The theory curves refer to mean-field BCS 
theory (lower curve) and quantum Monte-Carlo calculations (upper curve) and correspond to 
the data presented in Ref. [117] . The horizontal dashed lines indicate the values for the BEC 
limit and the unitarity limit (see Table HI)) . 



inelastic processes) to cause significant down-shifts of the breathing mode frequency [7T] . 

To put these results into a broader perspective, our precision measurements on collec- 
tive modes in the BEC-BCS crossover show that ultracold Fermi gases provide a unique 
testing ground for advanced many-body theories for strongly interacting systems. 

6'6. Other modes of interest. - At the time of the Varenna Summer School we had 
started a set of measurements on the radial quadrupole mode in the BEC-BCS crossover 
[124j . This mode had not been investigated before. We implemented a two-dimensional 
acousto-optical scanning system for the trapping laser beam; this allows us to produce 
time-averaged optical potentials [132[ I133j , in particular potentials with variable elliptic- 
ities. With this new system, it is straightforward to create an appropriate deformation of 
the trapping potential to excite the quadrupole mode and other interesting modes. Here 
we just show the oscillation of the radial quadrupole mode for a universal Fermi gas right 
on resonance &i B = 834 G for the lowest temperatures that we can achieve (Fig. [19)1 . 
The mode indeed exhibits the expected frequency (wq = \/2^i), which nicely demon- 
strates the hydrodynamic behavior. Moreover, we find that the damping is considerably 
faster than for the radial compression mode at the same temperature. 
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Fig. 19. - Radial quadrupole oscillation of the universal Fermi gas with unitarity-limited in- 
teractions at -B = 834 G. We plot the difference in horizontal and vertical widths after a free 
expansion time of 2 ms as a function of the variable hold time in the trap. The measured 
oscillation frequency a;q/27r = 499 Hz exactly corresponds to \f2ui-c. 

Scissors modes |1341 11081 11351 1136 ' represent another interesting class of collective 
excitations which we can investigate with our new system. A scissors mode is excited by 
a sudden rotation of an elhptic trapping potential. Scissors modes may serve as a new 
tool to study the temperature dependence of hydrodynamics in the BEC-BCS crossover. 
Scissors modes are closely related to rotations |137| and may thus provide additional 
insight into the collisional or superfluid nature of hydrodynamics. 

7. Pairing-gap spectroscopy in the BEC-BCS crossover 

In the preceding sections we have discussed our experiments on important macroscopic 
properties of the strongly interacting Fermi gas, like potential energy, hydrodynamics, 
and the equation of state. We will now present our experimental results on the observa- 
tion of the "pairing gap" [35], which is a microscopic property essential in the context 
of superfluidity. The gap shows the pairing energy and thus characterizes the nature of 
pairing in the crossover; see discussion in l5 II 

Historically, the observation of a pairing gap marked an important experimental 
breakthrough in research on superconductivity in the 1950s [1381 11391 [50] . The gap 
measurements provided a key to investigating the paired nature of the particles responsi- 
ble for the frictionless current in metals at very low temperatures. The ground-breaking 
BCS theory [751 [HO] j developed at about the same time, showed that two electrons in the 
degenerate Fermi sea can be coupled by an effectively attractive interaction and form a 
delocalized, composite particle with bosonic character. BCS theory predicted that the 
gap in the low-temperature limit is proportional to the critical temperature Tc (Eq. ??), 
which was in agreement with the experimental observations from gap spectroscopy. 

Here we will first discuss radio-frequency spectroscopy as our method to investigate 
pairing in different regimes (j7'ip . We will then show how molecular pairing can be 
investigated and precise data on the binding energy can be obtained (|7'2p . Finally, 
we will discuss our results on pairing in the many-body regimes of the crossover (|7'3p . 
including the temperature dependence of the gap. 
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Fig. 20. - Illustration of the basic principle of RF spectroscopy for ^Li at high-magnetic fields 
(see also Fig. [TJ. The three states 1, 2, and 3 essentially differ by the orientation of the nuclear 
spin {mi — 1, 0, —1, respectively). By driving RF transitions the spins can be flipped and 
atoms are transferred from state 2 to the empty state 3. In the region of the broad Feshbach 
resonance, the splitting between the RF coupled states 2 and 3 is about 82 MHz. The RF does 
not couple states 1 and 2 because of their smaller splitting of about 76 MHz. In the mean-field 
regime, interactions result in effective level shifts (dashed lines). 



7'1. Basics of radio-frequency spectroscopy . - Radio- frequency (RF) spectroscopy has 
proven a powerful tool for investigating interactions in ultracold Fermi gases. In 2003, 
the method was introduced by the JILA group for ''°K |140l [23] and by the MIT group 
for 6Li [TiT] . 

The basic idea of RF spectroscopy can be easily understood by looking on the simple 
Zeeman diagram of ^Li in the high-field region; see also section [TT] for a more detailed 
discussion of the energy levels. The ^Li spin mixture populates states 1 and 2 (magnetic 
quantum numbers mj = 1,0), whereas state 3 (w/ = —1) is empty. RF-induced transi- 
tions can transfer atoms from state 2 to the empty state 3. The experimental signature in 
a state-selective detection scheme (e.g. absorption im aging ) is the appearance of particles 
in state 3 or the disappearance of particles in state 2 |(^'^) . 

In the non-interacting case, the transition frequency is determined by the magnetic 
field through the well-known Breit-Rabi formula. We found that interactions are in 
general very small for "high" temperatures of a few Tp. We perform such measurements 
for the calibration of the magnetic field used for interaction tuning. In the experiment, 
the transition frequency can be determined within an uncertainty of ^IGGHz, which 
corresponds to magnetic field uncertainties as low as a ^20 mG. 

In the mean-field regime of a weakly interacting Fermi gas, interactions lead to a shift 



(^^) In a dense gas of ®Li, atoms in state 3 show a very rapid decay, which we attribute to 
three-body collisions with 1 and 2. With atoms in three different spin states, a three-body 
recombination event is not Pauli suppressed and therefore very fast. This is the reason why all 
our measurements show the loss from state 2 instead of atoms appearing in 3. 
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of the RF transition frequency [140] given by A^'mt — 2Tim~^ ni[a' — a), where rti = n/2 
is the number density of atoms in state 1 and a' is the scattering length for interactions 
between atoms in 1 and 3. In experimental work on ^"K [140j . this mean-field shift 
was used to measure the change of the scattering length a near a Feshbach resonance 
under conditions where a' just gives a constant, non-resonant offset value. In ^Li the 
interpretation of the differential mean-field shift is somewhat more complicated because 
both scattering length a and a' show resonant behavior [1411 H5] . 

In the strongly interacting regime, the MIT group made the striking observation of 
the absence of interaction shifts jl41j . This experimental finding, which is also of great 
relevance for the interpretation of our results on RF spectroscopy in the crossover (see 
I7"3p . is related to the fact that for ^Li both a and a' are very large. In this case all resonant 
interactions are unitarity-limited, so that differential interaction shifts are absent. 

Regarding the sensitivity of RF spectroscopy to small interaction effects, which typ- 
ically occur on the kHz scale or even below, ^Li features an important practical advan- 
tage over ''"K. In the relevant magnetic-field region around 834 G the ^Li RF-transition 
frequency changes by — 5.6kHz/G, in contrast to 170kHz/G near the 202 G Feshbach 
resonance used in the crossover experiments in '^''K. This large difference results from 
decoupling of the nuclear spin from the electron spin in ^Li at high magnetic fields. The 
fact that a strongly interacting Fermi gas of ^Li is about 30 times less susceptible to mag- 
netic field imperfections, like fluctuations, drifts, and inhomogeneities, facilitates precise 
measurements of small interaction effects. 

7'2. RJ spectroscopy on weakly bound molecules. ~ The application of RF spectroscopy 
to measure binding energies of ultracold molecules was introduced by the JILA group 
in Ref. [23]. We have applied RF spectroscopy to precisely determine the molecular 
energy structure of ^Li, which also yields precise knowledge of the two-body scattering 
properties [45] . Meanwhile, RF spectroscopy has found various applications to ultracold 
Feshbach molecules [Til [HI (Hi HIS] . 

The basic idea of RF spectroscopy applied to weakly bound molecules is illustrated on 
the left-hand side of Fig. [2U Transferring an atom from state 2 to state 3 breaks up the 
dimer. The RF photon with energy /ii/rf has to provide at least the molecular binding 
energy in addition to the bare transition energy hv23- Therefore, the dissociation sets 
in sharply at a threshold 1^23 + E\^/h. Above this threshold, the RF couples molecules to 
atom pairs in the continuum with a kinetic energy E'kin = E~E\^, where E — /i(i^RF — ^^23)- 

The dissociation lineshape can be understood in terms of the wavefunction overlap of 
the molecular state with the continuum. For weakly bound dimers, where E\j = h/{ma^) 
(Eq. (2) , this lineshape is described by |146j 

(20) f{E) cx E-^{E - E^)^/\E - E^ + E')-^ , 

where E' — Ti/{raa''^) is an energy associated with the (positive or negative) scattering 
length a' between states 1 and 3. The energy E' becomes important when a' is com- 
parable to a, i.e. when both scattering channels show resonant behavior. This is the 
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Fig. 21. - Radio-frequency spectroscopy in the molecular regime: basic principle (left-hand side) 
and experimental results for ®Li |45| (right-hand side). To dissociate a molecule, the RF photon 
with energy hu has to provide at least the molecular binding energy Eh in addition to the bare 
transition energy hvo- In the experimental spectra, the onset of dissociation thus occurs shifted 
from the bare atomic transition frequencies, which for the two different magnetic fields are 
indicated by the dashed vertical lines. The solid curves show fits by the theoretical dissociation 
lineshapes according to Eq. 1201 



case for ^Li [HTl gS], but not for '^°K [53]. In Fig. [H] (right-hand side) we show two 
RF-dissociation spectra taken at different magnetic fields [45J. The spectra show both 
the change of the binding energy Ei, and the variation of the hneshape (parameter E') 
with the magnetic field. The experimental data is well fit by the theoretical lineshapes 
of Eq. M 

To precisely determine the scattering properties of ^Li [JS], we used measurements 
of the binding energy E^ in the (1,2) channel obtained through RF-induced dissociation 
spectroscopy described above. In addition, we also identified bound-bound molecular 
transitions at magnetic fields where the channel (1,3) also supports a weakly bound 
molecular level (a' > 0). These transitions do not involve continuum states and are 
thus much narrower than the broad dissociation spectra. This fact facilitated very pre- 
cise measurements of magnetic field dependent molecular transition frequencies. The 
combined spectroscopic data from bound-free and bound-bound transitions provided the 
necessary input to adjust the calculations based on a multi-channel quantum scattering 
model by our collaborators at NIST. This led to a precise characterization of the two- 
body scattering properties of ^Li in all combinations of the loweset three spin states. 
This included the broad Feshbach resonance in the (1,2) channel at 834 G (see discussion 
in l3'2p and further broad resonances in the channels (1,3) and (2,3) at 690 G and 811 G, 
respectively. 
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7'3. Observation of the pairing gap in the crossover. - After having discussed the 
apphcation of RF spectroscopy to ultracold molecules in the preceding section, we now 
turn our attention to pairing in the many-body regime of the BEC-BCS crossover. The 
basic idea remains the same: Breaking pairs costs energy, which leads to corresponding 
shifts in the RF spectra. We now discuss our results of Ref . [35j , where we have observed 
the "pairing gap" in a strongly interacting Fermi gas. Spectral signatures of pairing have 
been theoretically considered in Refs. [1471 11481 11491 11501 11511 1152j . A clear signature of 
the pairing process is the emergence of a double-peak structure in the spectral response 
as a result of the coexistence of unpaired and paired atoms. The pair-related peak is 
located at a higher frequency than the unpaired-atoms signal. 

The important experimental parameters are temperature, Fermi energy, and interac- 
tion strength. The temperature T can be controlled by variation of the final laser power 
of the evaporation ramp. Lacking a reliable method to determine the temperature T of a 
deeply degenerate, strongly interacting Fermi gas in a direct way, we measured the tem- 
perature T' after an isentropic conversion into the BEC limit. Note that, for a deeply 
degenerate Fermi gas, the true temperature T is substantially below our temperature 
parameter T' [98l llOOj . The Fermi energy Ep can be controlled after the cooling process 
by an adiabatic recompression of the gas. The interaction strength is varied, as in our 
experiments described before, by slowly changing the magnetic field to the desired final 
value. 

We recorded the RF spectra shown in Fig.[52]for different temperatures and in various 
coupling regimes. We studied the molecular regime at B — 720 G (a — -1-2170 ao). 
For the resonance region, we examined two different magnetic fields 822 G (-1-33, 000 ao) 
and 837 G (—150, 000 ao), because the exact resonance location (834.1 ± 1.5 G, see I3"2p 
was not exactly known at the time of our pairing gap experiments. We also studied 
the regime beyond the resonance with large negative scattering length at i? = 875 G 
(a w — 12,OOOao). Spectra taken in a "hot" thermal sample at T w GTp (Tp = 15/^K) 
show the narrow atomic 2 — > 3 transition line (upper row in Fig. I22p and serve as a 
frequency reference. We present our spectra as a function of the RF offset with respect 
to the bare atomic transition frequency. 

To understand the spectra both the homogeneous lineshape of the pair signal [148] 
and the inhomogeneous line broadening due to the density distribution in the harmonic 
trap need to be taken into account [150j . As an effect of inhomogeneity, fermionic pairing 
due to many-body effects takes place predominantly in the central high-density region 
of the trap, and unpaired atoms mostly populate the outer region of the trap where the 
density is low [95l 11501 llOlj . The spectral component corresponding to the pairs shows 
a large inhomogeneous broadening in addition to the homogeneous width of the pair- 
breaking signal. For the unpaired atoms the homogeneous line is narrow and the effects 
of inhomogeneity and mean-field shifts are negligible. These arguments explain why the 
RF spectra in general show a relatively sharp peak for the unpaired atoms together with 
a broader peak attributed to paired atoms. 

We observed a clear double-peak structure at T'/Tp — 0.5 (middle row in Fig. [551 
Tp = SAfiK). In the molecular regime (720 G), the sharp atomic peak was well separated 
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Fig. 22. - RF spectra for various magnetic fields and different degrees of evaporative cooling. 
Tlie RF offset (fce x f fiK ~ ft x 20.8 kHz) is given relative to the atomic transition 2 — > 3. The 
molecular limit is realized for B = 720 G (first column). The resonance regime is studied for 
B — 822 G and 837 G (second and third column). The data at 875 G (fourth column) explore 
the crossover on the BCS side. Upper row, signals of unpaired atoms at T' ~ GTf (TV = 15 /iK); 
middle row, signals for a mixture of unpaired and paired atoms at T' = Q.5rF (Tp = 3.4 /iK); 
lower row, signals for paired atoms at T' < 0.2Tf (Tp — 1.2 /iK). Note that the true temperature 
T of the atomic Fermi gas is below the temperature T' which we measure in the BEG limit (see 
text). The solid lines are introduced to guide the eye. 



from the broad dissociation signal; see discussion in 17 21 As the scattering length was 
tuned to resonance, the peaks began to overlap. In the resonance region (822 and 837 G), 
we still observed a relatively narrow atomic peak at the original position together with a 
pair signal. For magnetic fields beyond the resonance, we could resolve the double-peak 
structure for fields up to ^900 G. 

For T' /Tp < 0.2, we observed a disappearance of the narrow atomic peak in the 
RF spectra (lower row in Fig. [511 — 1.2/iK). This showed that essentially all atoms 
were paired. In the BEG regime (720 G) the dissociation lineshape is identical to the 
one observed in the trap at higher temperature and Fermi energy. Here the localized 
pairs are molecules with a size much smaller than the mean interparticle spacing, and 
the dissociation signal is independent of the density. In the resonance region (822 and 
837 G) the pairing signal showed a clear dependence on the density, which became even 
more pronounced beyond the resonance (875 G). 

To quantitatively investigate the crossover from the two-body molecular regime to the 
fcrmionic many-body regime we measured the pairing energy in a range between 720 G 
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Magnetic field (G) 

Fig. 23. - Measurements of the effective pairing gap Az/ as a function of the magnetic field B for 
deep evaporative cooling and two different Fermi temperatures Tp = 1.2/iK (filled symbols) and 
3.6/iK (open symbols). The solid line shows Ai/ for the low-density limit, where it is essentially 
given by the molecular binding energy ^153.. The two dotted lines at higher magnetic fields 
correspond to the condition 2Ai/ = uJc for the coupling of the compression mode (|6'4p to the 
gap at our two different trap settings. The inset displays the ratio of the effective pairing gaps 
measured at the two different Fermi energies. 



and 905 G. The experiments were performed after deep evaporative cooling (T'/Tp < 0.2) 
for two different Fermi temperatures Tp — 1.2 /iK and 3.6 /iK (Fig. [53]). As an effective 
pairing gap we define Av as the frequency difference between the pair-signal maximum 
and the bare atomic resonance. In the BEC limit, the effective pairing gap At/ simply 
reflects the molecular binding energy Ei,, as shown by the solid line in Fig. [55i(^ . With 
increasing magnetic field, in the BEC-BCS crossover, Av showed an increasing deviation 
from this low-density molecular limit and smoothly evolved into a density-dependent 
many-body regime where hAv < Ep. 

A comparison of the pairing energies at the two different Fermi energies (inset in 
Fig. [55]) provides further insight into the nature of the pairs. In the BEC limit, Ai/ 
is solely determined by £^b and thus does not depend on Ep. In the universal regime 
on resonance, Ep is the only energy scale and we indeed observed the effective pairing 
gap Aiy to increase linearly with the Fermi ene rgy ( see Ref. [127] for more details). We 



found a corresponding relation hAv « 0.2 iSp l( )l . Beyond the resonance, where the 



(^*) The maximum of the dissociation signal, which defines hAu in the molecular regime, varies 
between Eb and (4/3) Eb, depending on E' /Eh in Eq. 1201 The solid line takes this small 
variation into account [153) . 

(^^) Note that there is a quantitative deviation between this experimental result for the unitarity 
limit (see also [127) ) and theoretical spectra [150II1511|152| . which suggest hAv « 0.35 Ep. This 
discrepancy is still an open question. We speculate that interactions between atoms in state 1 
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Fig. 24. - RF spectra measured at B = 837 G, i.e. very close to the unitarity limit, for different 
temperatures (Tp = 2.5 fjK). The temperature parameter T' was determined by measurements 
in the mBEC regime after an isentropic conversion of the gas. Based on the entropy calculations 
of Ref. 1 100] we also provide estimates for the true temperature T. The solid lines are fits to 
guide the eye using a Lorentzian curve for the atom peak and a Gaussian curve for the pair 
signal. The vertical dotted line marks the atomic transition and the arrows indicate the effective 
pairing gap Ai/. 



system is expected to change from a resonant to a BCS-type behavior, Ai/ is found to 
depend more strongly on the Fermi energy and the observed gap ratio further increases. 
We interpret this in terms of the increasing BCS character of pairing, for which an 
exponential dependence hAv/Ep cx exp(— 7r/2fcF|a|) (see TablelJ) is expected. 

In another series of measurements (Fig. we applied a controlled heating method 
to study the temperature dependence of the gap in a way which allowed us to keep all 
other parameters constant. After production of a pure molecular BEC (T' < 0.2rF) in 
the usual way, we adiabatically changed the conditions to _B = 837 G and Tp = 1.2 /iK. 
We then increased the trap laser power by a factor of nine (Tp increased to 2.5/iK) 
using exponential ramps of different durations. For fast ramps this recompression is 
non-adiabatic and increases the entropy. By variation of the ramp time, we explore a 



and 3 may be responsible for this, which have not been fully accounted for in theory. 
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range from our lowest temperatures up to T'/Tp = 0.8. The emergence of the gap with 
decreasing temperature is clearly visible in the RF spectra (Fig.[24|). The marked increase 
of for decreasing temperature is in good agreement with theoretical expectations for 
the pairing gap energy [51] . 

Our pairing gap experiments were theoretically analyzed in Refs. |150[|1511ll52j . The 
calculated RF spectra are in agreement with our experimental results and demonstrate 
how a double-peak structure emerges as the gas is cooled below T/Tp ~ 0.5 and how the 
atomic peak disappears with further decreasing temperature. In particular, the theoret- 
ical work clarifies the role of the pseudo-gap regime [811 199] in our experiments, where 
pairs are formed before superfluidity is reached. We believe that, the upper spectrum of 
Fig. [H (T' = 0.8 Tp, corresponding to T = 0.3 Tp [TUD]) shows the pseudo-gap regime. 
The lower spectrum, however, which was taken at a much lower temperature (T' < 0.2 Tp, 
T < 0.1 Tp), is deep in the superfluid regime. Here, the nearly complete disappearance 
of the atom peak shows that fermionic pairing took place even in the outer region of 
the trapped gas where the density and the local Fermi energy are low. According to 
theory [1501 1151] this happens well below the critical temperature for the formation of a 
resonance superfluid in the center of the trap. This conclusion [35] fits well to the other 
early observations that suggested superfluidity in experiments performed under similar 
conditions [33[ 134] , and also to the observation of superfluidity by vortex formation in 
Ref. [35]. 

We finally point to an interesting connection to our measurements on radial collective 
excitations (|6'4p , where an abrupt breakdown of hydrodynamics was observed at a mag- 
netic field of about 910 G [31]. The hydrodynamic equations which describe collective 
excitations implicitly assume a large gap, and their application becomes questionable 
when the gap is comparable to the radial oscillation frequency 154 . We suggest a pair 



breaking condition ujc — 2hAiy \(^'^t which roughly corresponds to to,- — hAv {uJc ~ 2uj,-). 
Our pair breaking condition is illustrated by the dashed lines in Fig. [53] for the two dif- 
ferent Fermi energies of the experiment. In both cases the effective gap Ai/ reaches the 
pair breaking condition somewhere slightly above 900 G. This is in striking agreement 
with our observations on collective excitations at various Fermi temperatures [M] I127j . 
This supports the explanation that pair breaking through coupling of oscillations to the 
gap leads to strong heating and large damping and thus to a breakdown of superfluidity 
on the BCS side of the resonance. 

8. Conclusion and outlook 

Ultracold Fermi gases represent one of the most exciting fields in present-day physics. 
Here experimental methods of atomic, molecular, and optical physics offer unprecedented 
possibilities to explore fundamental questions related to many different fields of physics. 



^20 -J rpj^g factor of 2 in this condition results from the fact that here pair breaking creates two 
in-gap excitations, instead of one in-gap excitation in the case of RF spectroscopy, where one 
particle is removed by transfer into an empty state. 
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In the last few years, we have seen dramatic and also surprising developments, which 
have already substantially improved our understanding of the interaction properties of 
fermions. Amazing progress has been achieved in the exploration of the crossover of 
strongly interacting system from BEC-type to BCS-type behavior. Resonance super- 
fluidity now is well established. Recent experimental achievements have made detailed 
precision tests of advanced many-body quantum theories possible. 

The majority of experiments have so far been focused on bulk systems of two-compo- 
nent spin mixtures in macroscopic traps; however, ultracold gases offer many more pos- 
sibilities to realized intriguing new situations. The recent experiments on imbalanced 
systems HD] give us a first impression how rich the physics of fermionic systems will 
be when more degrees of freedom will be present. As another important example, optical 
lattices |1551 fS[ |T5S] allows us to model the periodic environment of crystalline materials, 
providing experimental access to many interesting questions in condensed-matter physics 
[157j . Also, fermionic mixtures of different atomic species open up many new possibil- 
ities. In Bose- Fermi mixtures |158[ 11591 11601 1145] , fermionic pairing and superfluidity 
can be mediated through a bosonic background [1611 1162j . In the case of Fermi- Fermi 
mixtures |163j . pairing between particles of different masses |164) and novel regimes of 
superfluidity represent intriguing prospects for future research. 

With the recent experiments on the physics of ultracold fermions, we have just opened 
the door to an exciting new research field. On the large and widely unexplored terrain, 
many new challenges (and surprises) are surely waiting for us! 

* * * 

Our work on ultracold Fermi gases, which developed in such an exciting way, is the 
result of a tremendous team effort over the past eight years. Its origin dates back to 
my former life in Heidelberg (Germany), where our activities on ultracold fermions be- 
gan in the late 1990s. I thank the team of these early days (A. Mosk, M. Weidemiiller, 
H. Moritz, T. Elsasser) for the pioneering work to start our adventures with ^Li. The 
experiment moved to Innsbruck in 2001, and many people have contributed to its success 
there. For their great work and achievements, I thank the Ph.D. students S. Jochim (who 
moved with the experiment from Heidelberg to Innsbruck) and M. Bartenstein, A. Alt- 
meyer, and S. Riedl, along with the diploma students G. Hendl and C. Kohstall. Also, 
I acknowledge the important contributions by the post-docs R. Geursen and M. Wright 
(thanks, Matt, also for the many useful comments on the manuscript). I am greatly 
indebted to C. Chin, who shared a very exciting time with us and stimulated the ex- 
periment with many great ideas, and my long-standing colleague J. Hecker Denschlag 
for their invaluable contributions. The experiment strongly benefited from the great 
synergy in a larger group (www.ultracold.at) and from the outstanding scientific envi- 
ronment in Innsbruck. Finally, I thank the Austrian Science Fund FWF for funding the 
experiment through various programs, and the European Union for support within the 
Research Training Network "Cold Molecules" . 
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